Introduction
An intriguing phenomenon in ion-surface interaction is the formation of nanostructures due to single ion impact. Besides the interest in understanding the underlying physical mechanisms, this research field is driven by the interest of using ions as a tool for lithographic modifications. Investigations of various materials have shown that irradiations with swift heavy ions (SHI) induce severe structural modifications at the surface and in the bulk [1] [2] [3] [4] . These modifications appear as protrusions or craters on the surface, show up as phase transitions (e.g. from crystalline to amorphous) and/or create latent tracks of several hundreds of nanometer into the solid. The formation of tracks and surface nanostructures occurs predominantly in insulators (e.g. polymers [5] , oxides [6] , ionic crystals [3, 7] ) and is linked to a critical (electronic) energy loss dE/dx of the projectile [8] .
Besides studies of track formations created under perpendicular incidence, the nanostructures produced under grazing incidence have attracted increasing interest due to the observation of novel nanoscale features. These new features include a chain-like morphology of ion tracks [6] , groove formation in grazing incidence, nanostructure formation (Some figures may appear in colour only in the online journal)
Original content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. 3D [9] and 2D materials [10] , creation of nanoholes within ion tracks [11] , cratering in polymers [5, 12] , formation of conductive ion tracks [13] and folding and unzipping of graphene deposited on a substrate [14] [15] [16] . Recently we could show that SHI irradiation of CaF 2 leads to a complex track formation consisting of a long groove bordered by chains of equally spaced nanodots eventually followed by a single chain of unseparated nanodots with a single high hillock at the beginning [17] .
Within a palette of various materials, mica is an ideal candidate to study ion induced surface modifications because of its radiation sensitivity and easy preparation of nearly perfect surfaces (see figure 1 ). It belongs to the sheet silicate minerals and includes several closely related materials with a monoclinic crystal system. The most prominent candidate is thereby muscovite mica with the sum formula KAl 2 [AlSi 3 O 10 (OH) 2 ]. It consists of negatively charged alumino-silicate layers, involving both tetrahedral and octahedral sheets, with intermediate layers of positive potassium ions to provide charge neutrality [18] . The layered structure of mica makes an easy cleaving of the crystal possible, providing smooth and atomically flat surfaces.
Earlier AFM investigations of SHI irradiated mica samples under perpendicular incidence have shown the appearance of hollows or hillocks in dependence of the direction of the cantilever movement. This artificial topographic features were explained by frictional forces [19] and changes of the elastic properties due to SHI irradiations [20] . Lateral force mode measurements could also show an increase of the track diameters with an increase of the energy loss [21] . The situation changes by using particles with similar energy loss values (some tens of keV nm −1 ) but much lower kinetic energies (some MeV in comparison to GeV). In this case the formation of true topographic hillocks were reported [22] . True topographic features could also be observed by Daya et al [23] [24] [25] after irradiation with 78.2 MeV 127 I ions or with 20.4 MeV C 60 clusters. While for 78.2 MeV 127 I irradiation hillocks with a height of about 0.5 nm were created, 'gigantic' (nearly seven times taller and two times broader) conical hillocks were observed after 20.4 MeV C 60 irradiations. These differences were explained by the much higher total stopping power (3.6 times higher) of C 60 in comparison to 78.2 MeV 127 I. First SHI irradiations under grazing angle of incidence revealed the creation of conical shaped hillocks accompanied by raised tails [23] . At closer look also the formation of topographical craters next to each hillock could be observed [25] . From these first images further details of the nanofeatures are hard to identify due to the limited image quality and insufficient spatial resolution. Blunt tip ends result in a complete masking of the crater and a broad and blobby image of the hillocks.
In this paper we present high resolution AFM studies of muscovite mica irradiated with SHI under grazing incidence. Detailed AFM investigations are presented which show that the nanostructure features of the created track structures are as complex as the observed tracks on CaF 2 [17] . Moreover, studies of the track formation in dependence of the projectile kinetic energy, the sample temperature and the sample chemical composition are presented.
Experimental methods
Irradiations of the mica samples were carried out at the IRRSUD facility of GANIL (Grand Accelerateur National d'Ions Lourds) in Caen, France. Freshly cleaved mica samples, which were obtained by placing a piece of tape onto the mica surface and gently pulling off the first layers, have been irradiated during several measurement periods with 136 Xe 23+ , 129 Xe 23+ and 208 Pb 29+ ions at kinetic energies of 0.71 MeV amu −1 and 0.48 MeV amu −1 , respectively. To perform irradiations also at lower kinetic energies, Al foils of different thickness (1.5, 3 and 6 μm) were inserted into the beam to act as energy degraders. The targets were mounted on a vertical target holder, which could be rotated around the vertical axis by a stepping motor with a repeatability of about 5/100 of a degree. The angle of incidence, measured with respect to the surface plane, was varied between 0.2 • and 2 • . An ion fluence between 1 × 10 10 ions cm −2 and 5 × 10 10 ions cm −2 , depending on the incident angle, was chosen, to avoid overlapping of the created ion tracks. The samples were inspected immediately after irradiation with a VEECO NanoScope III atomic force microscope in Caen and detailed AFM investigations were performed with the Asylum Research Cypher Scanning Probe Microscope at TU Wien. The AFM measurements were performed in tapping mode under ambient conditions with standard Si cantilevers OMCL-AC240TS-R3 (Olympus) with a typical tip radius of curvature of 7 nm, a resonance frequency of 70 kHz and a spring constant of 1.7 N m −1 . Further data evaluation has been performed with the software Gwyddion [26] .
Experimental results and discussion

Surface topography of irradiated mica-high resolution AFM imaging
At first sight, the irradiation of muscovite mica under grazing incidence leads to the formation of long tracks which consist of a chain of single nanodots at the impact site followed by a long sloping protrusion. Remarkable for the irradiated mica samples are the extraordinary long tracks formed along the surface. At small incidence angle of ∼0.2° tracks of several hundreds of nm in length are formed. By performing high resolution AFM imaging much more details of the created nanostructure features can be identified. The 2D and 3D AFM images of figure 2 show the typical topography of a muscovite mica surface after SHI irradiation under grazing angle of incidence of 0.7 • . The white arrow indicates the direction of the incoming ions. Individual ion impacts create parallel arranged tracks whose structure appears as complex as that found recently for CaF 2 [17] . At the impact site a double track is formed consisting of two parallel arranged chains of single nanodots whose height increases up to about 5 nm before merging into a single protrusion that fades at large distance. The distance D between the two hillock rows of the double track is only 10 nm and the finite radius of curvature of the used tip may prevent an observation of a shallow groove in between them.
The length of the double track and the length of the whole protrusion can be controlled by varying the angle of incidence [27] . In figure 3 the length of the double track and of the whole track is plotted as a function of the incidence angle α and follows the relation L = d/ tan(α). We determined the (double) track length as a function of the angle of incidence by analyzing at least 50 tracks for each angle. This relation was also previously observed for other materials [6, 9, 17] and is motivated by simple geometrical considerations, where L is the (double) track length and d the maximum depth from which this particular ion induced modification can still be detected at the surface. The fitting parameter d gives indication about the radius of the modified track and how far the local excitation is spread. It is characteristic for a certain material. The fit yields a characteristic depth of d double track = 2.3 nm for the double track features and d track = 13 nm for the whole track formation. The length d track evaluated for mica is about twice as long as observed for other dielectric materials [28] . It shows the high radiation sensitivity of mica. 
Variation of the ion kinetic energy
The track formation and nanostructure creation efficiency depend strongly on the density of energy released to the electronic system near the ion path. The density of electronic excitation is generally characterized by the electronic stopping dE/dx. For track formation the amount of deposited energy as well as the spatial deposition of the released energy play an important role. While the irradiation with projectiles at high kinetic energies leads indeed to higher stopping power up to the maximum of the energy loss curve, the damage cross section is larger for ions at low velocity than at high velocity.
For low-velocity ion projectiles the transferred energy to the primary electrons is reduced and accordingly the electron cascade is less extended. The deposited energy is kept within a shorter distance around the ion path, the ionization density is increased and the resulting damage formation is enhanced (velocity effect) [29] . Since the cross section is linear with the stopping power S = dE/dx, the track radius, which is equal to the square root of the cross section divided by π, follows the square root of the electronic stopping [8] .
We performed ion irradiations by varying the incident kinetic energy between 0.17 and 0.71 MeV amu −1 and evaluated the double track length as a function of the stopping power (see figure 4(a) ). The stopping power was calculated by using the SRIM code [30] for a Xe atom at E kin = 23, 52, 72 and 92 MeV impacting on mica with a density of ρ = 2.82 g cm −3 . The evaluated data for the double track length are fitted by the relation L = k · √ S − S threshold which yields a threshold value of S threshold ∼ 4 keV nm −1 , comparable to earlier predicted threshold values for mica [20, 31] .
Besides the length of the double track, the width and the height of the hillocks of the double track were also evaluated in dependence of the stopping power. Both show an increase for higher stopping power (see figure 4(b) ). To exclude an overestimation of the width of the double track due to the convolution of the tip and the nanostructure features, the distance D between opposite lying hillocks was chosen as a reliable measure (see inset of figure 4(b) ). In figure 4 (b) the evaluated data for the distance D are compared with the evaluated track radii from the literature [31] . Therein, the track diameter for slow (E < 0.6 MeV amu −1 ) and swift (E > 4.8 MeV amu −1 ) ions were determined by using an atomic force microscope under air in contact mode. Our data, obtained for E < 0.7 MeV amu −1 are in good agreement with these data, keeping in mind that our data represent the distance D between the hillock chains of the double track and may thereby underestimate the real track diameter. The data were fitted again by a square root function, by assuming a threshold value of 4 keV nm −1 obtained from the fit in figure 4(a).
Track formation studies in dependence of the sample temperature
The track size may not only depend on the projectile velocity but also on the sample temperature. For SHI irradiation of Bi, for example, it was shown that the track size changes drastically by performing irradiations between 20 and 300 K [8] . The irradiation of samples and yet the deposition of energy into the system leads to a temperature rise which eventually induces melting or sublimation of the target material [17] . A variation of the sample temperature may thus change the threshold above which projectile induced damage becomes visible or may change the nanostructure features of the created tracks. We therefore heated the mica samples at 200 °C, 400 °C or 600 °C during irradiation and performed AFM studies to investigate possible effects on the track formation. A heating of the mica samples to 600 °C or above has to be avoided, since at these higher temperatures the surface becomes cracked [32, 33, 34] and makes investigations of surface modifications due to single ion impacts inaccessible.
In figure 5 the topography of an irradiated unheated mica sample is compared with irradiated samples heated at 200 °C and 400 °C. For all three samples the profiles through the created tracks show the formation of a double track at the impact site which merges into a single protrusion with a ∼5 nm high hillock at its beginning. The nanostructure features of the created tracks seem to be unaffected by the sample temperature ( figure 6 ). Only a slight increase of the track length for the heated samples is apparent ( figure 6(a) ) and in the case of the 400 °C heated sample ( figure 5 ) the formation of the groove between the double track is more pronounced. A further increase of the sample temperature and thus an approach of the melting temperature of mica was not possible due to the above mentioned destruction of the mica surface.
Track formation studies in dependence of the chemical composition of mica
A more pronounced groove formation between the double track at the impact site could be observed by performing irradiation at room temperature with fluorphlogopite mica KMg 3 (AlSi 3 O 10 )F 2 . In this synthetic mica the (OH) − group is fully substituted by F − ions. Samples of this chemical composition are characterised by superior thermal stability. They can be used up to 1100 °C with almost no changes and will decompose gradually only at 1200 °C. Muscovite mica with the (OH) − group begins to decompose already above 450 °C and is almost completely decomposing at 900 °C. The melting temperature of muscovite mica lies between 700 and 1000 °C, whereas in the case of fluorphlogopite mica it is at about 1350 • C. A comparison of AFM images of muscovite mica and fluorphlogopite mica after irradiation under the same conditions shows on both samples parallel arranged tracks with slightly different topographical characteristics. For muscovite mica the formation of a double track consisting of single nanodots and a possible cavity in between is formed. However, in the case of fluorphlogopite mica a long ditch with no bordered nanodots is notable ( figure 7(a) ). The first nanodots appear much later in the modification. In both cases the double track eventually merges into a long decaying protrusion. The tracks on fluorphlogopite mica are slightly longer than those obtained on muscovite mica ( figure 7(b) ) and the created grooves are more pronounced. Moreover the height of the protrusion is on average only a third of the value obtained with muscovite mica (compare figures 6(b) and 7(c)). Recent etching investigations of mica [35] have shown that the track etch rate in muscovite mica is low in comparison to phlogopite mica because of the greater Al-O bond strength. The weaker bond strength in the case of fluorphlogopite mica may also explain the more pronounced and effective groove formation after SHI irradiation.
In the case of fluorphlogopite mica the formation of grooves at the impact site is clearly visible and the groove volume can be estimated. For the samples irradiated under grazing incidence of 1.4 • a groove volume of ∼120 nm 3 at a length of 110 nm is estimated. For the samples irradiated under 1 • a volume of ∼220 nm 3 at a length of 235 nm is evaluated. By assuming a particle density of n at ∼ 8 · 10 22 atoms cm −3 this yields a number of ∼9 · 10 3 and ∼19 · 10 3 missing atoms, respectively. Since the grooves are not bordered by nanodots and the first protrusions appear much later in the modification, it might be reasonably assumed that the missing atoms have left the surface. In order to check whether the particle deposited energy is therefore large enough, we make the following estimation. The irradiations were performed with 92 MeV 129 Xe 23+ ions which, according to SRIM calcul ations, correspond to the stopping power of ∼15 keV nm −1 . At the length of the formed grooves this corresponds to a deposition of 1.65 · 10 3 keV and 3.5 · 10 3 keV, respectively, thus resulting in an energy deposition of ∼180 eV per atom assuming that indeed all energy is eventually transferred from the electronic system into the lattice. This value is far above typical values for chemical bonding. At this point it has to be mentioned that the estimated groove volume is certainly underestimated due to the finite tip size and the rather narrow groove/ditch.
As mentioned before the formation of similar complex ion tracks after SHI irradiation under grazing incidence were found for CaF 2 [17] . For this system, calculations based on a 3D two-temperature-model (TTM) have shown that the groove and hillock formation can be linked to sublimation and melting processes induced by SHI irradiation. As mica has a much more complex atomic structure compared to CaF 2 , such TTM simulations have not been attempted until now for this material. It is therefore unknown if the formation of similar track structures on mica can be explained alone by sublimation and melting processes. Theoretical investigations are therefore highly desirable.
Beyond track formation
First etching investigations have shown that a further treatment of irradiated mica samples leads to the formation of well defined elongated pit structures. The irradiated mica samples were etched in diluted HF (4% vol.) for three minutes and afterwards inspected with the AFM. Figure 8 shows a mica surface after 92 MeV 129 Xe 23+ irradiation and etching for three minutes. The etching removes all hillocks and leads to a flat surface (RMS-roughness value 0.07 nm) with well-defined parallelarranged pits only. The pits have a depth of about 1 nm and a width of about ∼30 nm, which corresponds roughly to the width of the double track structure (see figure 6(b) ). The topographic features induced by irradiation have been lost after etching.
Summary and conclusion
SHI irradiation of muscovite mica under grazing incidence has shown the formation of a complex track structure similar to the one observed recently for CaF 2 . The created ion track consists of a double track at the impact site which merges into a single protrusion that fades slowly with distance. The length of the track can be controlled by varying the angle of incidence and reaches length of several μm for very shallow incidence angles. Moreover the dimensions of the nanofeatures can be controlled by varying the kinetic energy of the incident ions. The length and the diameter of the double track can be fitted by a square root function of the stopping power with a threshold of ∼4 keV nm −1 . Once more it could be shown that the velocity of the incident ion has a decisive influence on the damage production. Detailed studies of the created surface tracks by varying the sample temperature during irradiation have shown only small differences in the created nanostructure features, whereas a change of the chemical composition (muscovite or fluorphlogopite mica) has a noticeable effect on the topography. In the case of fluorphlogopite mica a pronounced groove formation at the impact site could be observed. The lack of bordering nanodots and a comparison of the groove volume with the deposited energy point to the fact that under grazing incidence several thousand of atoms are ejected into vacuum due to the interaction process. Irradiation parameters, like the angle of incidence and the particle kinetic energy, define the total volume and dimensions of the damaged material, which can afterwards be attacked by etching processes. Further etching investigations of irradiated mica under grazing incidence promise the control over the formation of well defined nm-large pit structures and their implementation in lithographic processes. 
